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5-Aminovalerate is a potential C5 platform chemical for synthesis of valerolactam, 5-hydroxyvalerate, 
glutarate, and 1,5-pentanediol. It is a metabolite of L-lysine catabolism through the aminovalerate pathway 
in Pseudomonas putida. L-Lysine monooxygenase (DavB) and 5-aminovaleramide amidohydrolase (DavA) 
play key roles in the biotransformation of L-lysine into 5-aminovalerate. Here, DavB and DavA of P. putida 
KT2440 were expressed, purified, and coupled for the production of 5-aminovalerate from L-lysine. Under 
optimal conditions, 20.8 g/L 5-aminovalerate was produced from 30 g/L L-lysine in 12 h. Because L-lysine is 
an industrial fermentation product, the two -enzyme coupled system presents a promising alternative for the 
production of 5-aminovalerate. 



Polyamides (also known as nylons) are a class of plastics with a variety of uses as textiles and mechanical 
parts\ Polyamides are formed either as co-polymers via condensation of diacids with diamines, or as 
homopolymers of amino acids^"^. Nylon-5 is a polyamide homopolymer produced from amino acid mono- 
mers of 5-aminovalerate^. Although nylon 5 has not achieved commercial realization, it possesses properties 
similar to those of nylon-4,6, and serves as a suitable substitute^. Thus, it would be desirable to find an effective 
method for the biotechnological production of 5-aminovalerate. 

5-Aminovalerate is naturally produced from L-lysine through the 5-aminovalerate pathway^'^. L-Lysine mono- 
oxygenase (DavB) and 5-aminovaleramide amidohydrolase (DavA) play key roles in the 5-aminovalerate path- 
way of various microorganisms^'^. DavB catalyzes the oxidation of L-lysine to produce 5-aminovaleramide. DavA 
then catalyzes 5-aminovaleramide into 5-aminovalerate^'^. 

Fermentation of high concentrations of L-lysine is easily carried out^"^^. Currently, L-lysine has an annual 
production of more than 2 million tons^^. Considering current preparation processes, L-lysine might be a suitable 
starting material for 5-aminovalerate production. In a previous study, recombinant Escherichia coli strains 
expressing the davB and davA genes of Pseudomonas putida KT2440 were constructed for the production of 
5-aminovalerate from L-lysine^^. When the recombinant E. coli was cultured in a medium containing both glucose 
and L-lysine, 3.6 g/L (30.7 mM) 5-aminovalerate was produced from 7 g/L (47.9 mM) L-lysine^^. 

Production of 5-aminovalerate from L-lysine by enzymatic methods is another area of emphasis. The advan- 
tages of this method are the simple composition of the reaction mixture, high conversion rate of substrate, and 
convenience of recovery^^. For example, L-lysine a-oxidase can oxidize L-lysine into 6-amino-2-ketocaproic acid 
with a high conversion rate^^"^°. Hydrogen peroxide, which is produced during the process of L-lysine oxidization, 
will further oxidize 6-amino-2-ketocaproic acid to form 5-aminovalerate as the final product^\ Under optimum 
conditions for enzyme activity, 17.5 g/L (120 mM) L-lysine was transformed into 13.4 g/L (114 mM) 5-amino- 
valerate after aerobic incubation for 5 days at 37°C^\ 

As shown in Fig. 1, DavB and DavA formed a coupled system for the production of 5-aminovalerate from 
L-lysine. In this work, DavB and DavA from P. putida KT2440 were expressed and purified. After optimization of 
the biocatalysis conditions, production of 5-aminovalerate from L-lysine with high yield and high concentration 
was accomplished through the DavB and DavA coupled system. 
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Figure 1 | Scheme for the production of 5-aminovalerate from L-lysine by the DavB and DavA coupled system. 
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Results 

Expression and purification of DavB and DavA. The genes davB 
and davA were amplified by polymerase chain reaction (PGR) from 
the genome of P. putida KT2440. The fragments were sequenced. 
The deduced amino acid sequences had no mutational changes in the 
DavB and DavA proteins of P. putida KT2440^. DavB and DavA were 
expressed and purified to homogeneity through Ni-affmity chroma- 
tography. The purified DavB and DavA proteins were both detect- 
able as single bands of 62.4 kDa and 29.3 kDa on SDS-PAGE, 
respectively (Fig. SI). DavB is a FAD -dependent monooxygenase 
that catalyzes oxidative decarboxylation of L-lysine with a specific 
activity of 6.1 U/mg. DavA is a hydrolase that catalyzes the 
production of 5-aminovalerate from 5-aminovaleramide. The 
specific activity of DavA was not determined because of the lack of 
commercial 5-aminovaleramide. 

Feasibility of 5-aminovalerate production using the coupled 
system. To identify the L-lysine oxidation activity of DavB, 5 g/L 
L-lysine was used as a substrate in 100 mM phosphate buffer (pH 
7.4). DavB was added to the reaction broth at a concentration of 
0.5 g/L. The reaction was conducted at 30 °C for 3 h. Catalytic 
conversion of 4.5 g/L L-lysine resulted in the accumulation of 5- 
aminovaleramide in the reaction mixture (Fig. S2A and Table SI). 
Although 5-aminovaleramide hydrolyzed spontaneously into 5- 
amino valerate, only 1.1 g/L 5-aminovalerate was obtained without 
the addition of DavA (Fig. S2A). Alternatively, when 0.5 g/L DavA 
was also added to the reaction mixture, 3.4 g/L 5-aminovalerate was 
obtained from 5 g/L L-lysine (Fig. S2B and Table SI). The yield of 5- 
aminovalerate was 0.85 mol/mol. Thus, it is desirable to use the 
DavB and DavA coupled system for 5-aminovalerate production 
from L-lysine with high yield. 

Optimization of biocatalysis conditions. To achieve higher product 
concentration, the biocatalytic conditions of 5-aminovalerate 
production from L-lysine were optimized. The influence of 
reaction pH and temperature on 5-aminovalerate production in 
100 mM phosphate buffer containing 10 g/L L-lysine, 0.5 g/L 
DavB, and 0.5 g/L DavA were determined. The pH was adjusted 
ranging from 5.0 to 9.0. The reaction was initiated by adding the 
DavB and DavA at 30°C followed by incubation for 3 h. As shown in 
Fig. 2 A, 5-aminovalerate production was the highest at pH 7.0. The 
transformation of L-lysine to 5-aminovalerate decreased under acidic 
or alkaline conditions. 

To determine the effect of reaction temperature, the same reaction 
mixture was used as described above (pH at 7.0). After bioconversion 
at 16, 25, 30, 37, 45, or 55°C for 3 h, the highest 5-aminovalerate 
production was obtained at 37°C, as shown in Fig. 2B. To determine 
the effect of L-lysine concentration, reactions with six different 
L-lysine concentrations (5, 10, 30, 50, 70, or 90 g/L) were conducted 
at pH 7.0 and 37°C. Samples were taken after 3 h. Conversion rates 
were determined under each reaction condition. The optimal 
L-lysine concentration was found to be 30 g/L as shown in Fig. 2C. 
5-Aminovalerate production increased as the L-lysine concentration 
increased up to 30 g/L, and decreased thereafter. The ratio of DavA 
to DavB (0.5 g/L) was also optimized using 30 g/L L-lysine as the 
substrate at a pH of 7.0 and a temperature of 37°C. As shown in 
Fig. 2D, 5-aminovalerate production was highest when the ratio of 



DavA to DavB was 1 : 1. A ratio of 1 : 1 (DavA/DavB) was used in 
subsequent experiments. 

Production of 5-aminovalerate from L-lysine under optimal con- 
ditions. After optimizing the reaction conditions, the biocatalytic 
production of 5-aminovalerate from L-lysine was conducted as 
follows: the reaction mixture contained 30 g/L L-lysine as substrate 
and 0.5 g/L each of DavB and DavA as the biocatalysts. The reaction 
was performed at 37°C and a pH of 7.0. As shown in Fig. 3, under the 
optimal conditions, 20.8 g/L (178 mM) 5-aminovalerate was 
obtained from 30 g/L (205 mM) L-lysine after 12 h. The yield of 5- 
aminovalerate from L-lysine was 0.87 mol/mol. 

Discussion 

With concerns about environmental problems and fossil fuel 
resource availability, there has been much interest in replacement 
of petro- chemical derived materials with biologically based, degrad- 
able plastic polymers^^"^^. The production of biodegradable plastics 
requires the availability of high amounts of monomeric units, such as 
3-hydroxypropionate^^'^^, lactic acid^^'^°, succinic acid^^'^^, and 1,3- 
propanedioP^'^^. 5-Aminovalerate, another monomeric unit pro- 
duced from renewable sources, can be used to produce the biologic- 
ally based, degradable plastic polymer, nylon- 5. This compound can 
also be used as a C5 platform chemical for synthesizing 1,5-penta- 
nediol, glutarate, and 5-hydroxyvalerate^^'^^. For the utilization of 
this important intermediate, an efficient 5-aminovalerate producing 
process is desirable. 

5-Aminovalerate synthesis from L-lysine is mediated by DavB and 
DavA in P. putida KT2440. Previous studies have tried to produce 5- 
aminovalerate from L-lysine using whole-cell cultures of E. coli con- 
taining the davB and davA genes. Since 5-aminovalerate is further 
converted to glutarate via glutarate semialdehyde in these microor- 
ganisms, it proved difficult to produce 5-aminovalerate with high 
yield. In a previous work. Park et al. constructed a recombinant E. coli 
strain for the production of 5-aminovalerate from L-lysine^^. The 
yield of 5-aminovalerate from L-lysine in this study was 0.64 mol/ 
mol. 

Alternatively, enzymatic synthesis of 5-aminovalerate using 
immobilized L-lysine ot-oxidase has been developed^\ Production 
of 13.4 g/L 5-aminovalerate from 17.5 g/L L-lysine was accomp- 
lished using this method, which is the highest reported yield of 
5-aminovalerate to date. In the present work, coupled reactions 
catalyzed by purified DavB and DavA were used to produce 5- 
aminovalerate from L-lysine. Although the yield of 5-aminovalerate 
(0.87 mol/mol) was lower than the process using L-lysine a-oxidase 
(0.95 mol/mol), the highest reported product concentration (20.8 g/ 
L) for 5-aminovalerate production from L-lysine was accomplished 
using the DavB and DavA coupled system. Because of the simple 
composition of the biocatalytic system, 5-aminovalerate can easily be 
separated from the reaction broth. Although most of the L-lysine was 
bio transformed, 5-aminovaleramide accumulation in the reaction 
mixture was detected indicating the presence of inactive DavA at 
the end of the reaction (Fig. S3). Increasing the stability and reusa- 
bility of biocatalysts, especially DavA, through co -immobilization of 
DavB and DavA might make the coupled process more practical in 
future research. 

In conclusion, the potential C5 platform chemical 5-aminovale- 
rate was produced from L-lysine through a DavB and DavA coupled 
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Figure 2 | Optimization of biocatalysis conditions. (A) pH. (B) Temperature. (C) Concentration of L-lysine. (D) Ratio of DavA to DavB. Data points 
represent means ± SD of three parallel replicates. 



Methods 

Chemicals. 5-Aminovalerate, L-lysine, isopropyl-P-D-l-thiogalactopyranoside 
(IPTG), phenylisothiocyanate (PITC), phenylmethanesulfonyl fluoride (PMSF), and 
dithiothreitol (DTT) were all purchased from Sigma. PCR primers were obtained 
from Sangon (Shanghai, China). Ampicillin was purchased from Amresco (USA). 
Restriction enzymes were obtained from Fermentas (Lithuania). T4 DNA ligase and 
FastPfu DNA polymerase were purchased from MBI (USA) and Transgen Biotech 
(China), respectively. All other chemicals were of analytical grade and commercially 
available. 

Bacterial strains, primers, and plasmids. Bacterial strains, primers, and plasmids 
used in this study are listed in Table 1. E. coli BL21(DE3) was used for protein 
expression. E. coli DH5a was used for general cloning. Luria-Bertani (LB) medium 
was used for E. coli cultivations. P. putida KT2440 was cultured in minimal salt 
medium (MSM) supplemented with 10.0 g/L DL-lactate as the carbon source^*^'^^. 
Ampicillin was used at a concentration of 100 |ag/mL. 

Cloning and expression of davB and davA. Genomic DNA of P. putida KT2440 was 
extracted using the Wizard Genomic DNA Purification Kit (Promega, Madison, WI, 
USA). The davB gene was amplified from genomic DNA of P. putida KT2440 using 
primer Bl with a BamRl restriction site insertion and primer B2 with an EcoRI 
restriction site insertion. The PCR product was ligated to the pEasy- Blunt vector. The 
resulting plasmid was designated pEasy-Blunt-(iav5. pEasy- Blunt- (iav5 was then 
digested with BamHl and EcoRl. The gel purified davB fragment was ligated to 
pETDuet-1 vector that had been digested with the same restriction enzymes. The 
davA gene fragment was obtained from the genome of P. putida KT2440 using 
primers Al (with a BamHl restriction site) and A2 (with an EcoRl restriction site), 
ligated to the pEasy-Blunt vector, and then ligated to the pETDuet- 1 vector using the 
process described above. 

Purification of DavB and DavA. E. coli BL21(DE3) carrying plasmid pETDuet-(iav5 
or pETDuet-(iavA was grown at 30°C in LB medium with 100 |ig/mL ampicillin to an 
optical density of 0.5 at 620 nm. IPTG was added at a concentration of 0.5 mM to 
induce the expression of DavB or DavA. After cultivation for another 3 h at 30°C, 



system. The concentration and yield of 5 -amino valerate were 20.8 g/ 
L and 0.87 mol/mol, respectively. Because L-lysine can be easily pro- 
duced by fermentation, the biocatalysis process introduced in this 
study provides a technically and economically valuable method for 5- 
aminovalerate production. 




H 1 • 1 1 1 • 1 1 1 • 1 • 1 • 

0 2 4 6 8 10 12 

Time (h) 

Figure 3 | Production of 5-aminovalerate from L-lysine by the DavB and 
DavA coupled system under optimal conditions. (■) L-lysine, (#) 5- 
aminovalerate. Data points represent means ± SD of three parallel 
replicates. 
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Table 1 | Strains, plasmids, and primers used in this study 



Strain, plasmid and primer 



Genotype, properties and sequence 



Source or reference 



Strain 

P. putida KT2440 

£ coli DH5oc 

E.co// BL21 (DE3) 

Plasmid 

pEasy-Blunt 

pETDuet-1 

pETDuet-dvaB 

pETDuet-c/vaA 

pEasy-Blunt-c/vaB 

pEasy-Blunt-c/vaA 

Primer" 

Al 

A2 

Bl 

B2 



Wild type DSM6125 

supE44AlacLn69l(p80lacZAMT5)hsclRT7recA1 endAl gyrA96thi-1 relAI Novagen 

F- ompThsdSB (rB-mB-j gal {X c 1 857 indl Sam/ nin5 lacUVS T/geneljdcm (DE3) Novagen 

Cloning vector; Ap' Transgene 

Overexpression vector; Ap' Novagen 

pETDuet-1 with dvaB gene of P. putida KT2440 This study 

pETDuet-1 v^ith dvaA gene of P. putida KT2440 This study 

pEasy-Blunt v^ith dvaB gene of P. putida KT2440 This study 

pEasy-Blunt v^ith dvaA gene of P. putida KT2440 This study 

5'- GGATCCG ATGCGCATCGCTCTGTACCAG -3' (BamHI) This study 

5'- GAATTC TCAGCCTTTACGCAGGTGCAGC -3' (EcoRI) This study 

5'- GGATCCG ATGAACAAGAAGAACCGCCAC -3' (BamHI) This study 

5'- GAATTC TCAATCCGCCAGGGCGATCGGG -3' (EcoRI) This study 



"Restriction sites are underlined, and the restriction enzymes are indicated in parentheses. 



cells were harvested and washed with 0.85% (wt/vol) sodium chloride solution by 
centrifugation at 8,000 rpm for 5 min. The cell pellet was subsequently suspended 
in binding buffer (pH 7.4; 20 mM sodium phosphate, 20 mM imidazole, and 
500 mM sodium chloride) containing 0.5 mM PMSF, 1 mM DTT, and 10% 
glycerol. Cells were disrupted by sonication (Sonics 500 W; 20 KHz) for 10 min in 
an ice bath. The cell lysate was centrifuged at 8,000 rpm for 30 min at 4°C. The 
supernatant was loaded onto a HisTrap HP column (5 mL) and eluted with 40% 
binding buffer and 60% elution buffer (pH 7.4; 20 mM sodium phosphate, 
500 mM imidazole, and 500 mM sodium chloride) at a flow rate of 5 mL/min. 
The fractions containing DavB or DavA were concentrated by ultrafiltration, 
desalted with gel G-25, and detected by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE). 

Production of 5-aminovalerate from L-lysine. DavB and DavA were coupled for 5- 
aminovalerate production from L-lysine. A typical coupled reaction was carried out in 
a 50-mL Erlenmeyer flask with 10 mL reaction broth containing 100 mM phosphate 
buffer (pH 7.4), 10 g/L L-lysine, 0.5 mg/mL DavB, and 0.5 mg/mL DavA. The 
reaction was conducted at 30°C 200-rpm shaking. Samples (0.2 mL) were taken 
periodically and centrifuged at 12,000 rpm. 

Analytical methods. Cell growth was measured via optical density measured at 
620 nm (OD620) using an Ultrospec^'^ 2100 pro UV/visible spectrophotometer. The 
oxidase activity of DavB for L-lysine was assayed by measuring the rate of oxygen 
consumption as follows: the reaction mixture contained 10 mM L-lysine, 100 mM 
phosphate buffer (pH 7.4), and an appropriate amount of enzyme in a final volume of 
0.5 mL. The enzyme activity assay was started with the addition of enzyme solution. 
Consumption of oxygen was measured using a Clark-type oxygen electrode 
(Oxytherm System; Hansatech Instruments Ltd). One unit of enzyme activity was 
defined as the amount of enzyme catalyzing the consumption of one micromole of O2 
per min. The protein concentration was determined by the Lowry procedure using 
bovine serum albumin as the standard^*^. 

Aqueous concentrations of L-lysine and 5-aminovalerate were measured using a 
high-performance liquid chromatography (HPLC) system (Agilent 1100 series, 
Hewlett-Packard) equipped with a UV-Vis detector. Derivatization of 5-aminova- 
lerate and L-lysine by PITC was performed before injection and separation on a 
ZORBAX SB-C18 (5 |im, 4.6 mm X 250 mm) maintained at 38°C''''^°. The mobile 
phase (supplied at 1 mL/min) consisted of a solution of (A) pH 6.5, 100 mM sodium 
acetate- acetonitrile (97 : 3) and (B) acetonitrile-deionized (4:1) ramping (A : B) from 
0:100 to 100:0 over 1 h. 
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